The alphavirus non-structural protein 3 (nsP3) has a conserved N-terminal macro domain and a variable highly phosphorylated C-terminal domain. nsP3 forms complexes with cellular proteins, but its role in virus replication is poorly understood and protein interaction domains have not been defined. As the N-terminal macro domain can bind poly(ADP-ribose) (PAR), and PAR polymerase-1 (PARP-1) is activated and autoribosylated during Sindbis virus (SINV) infection, it was hypothesized that PARP-1 and nsP3 may interact. Co-immunoprecipitation studies showed that PARP-1 interacted with nsP3 during SINV infection of NSC34 neuronal cells and was most abundantly present in replication complexes that contained plus-and minus-strand SINV RNAs 10-14 h after infection, prior to PARP-1 activation or automodification with PAR. Treatment with an inhibitor of PARP enzymic activity did not affect the interaction between nsP3 and PARP-1 or SINV replication. Co-expression of individual domains of nsP3 with PARP-1 showed that nsP3 interacted with PARP-1 through the C-terminal domain, not the N-terminal macro domain, and that phosphorylation was not required. It was concluded that PARP-1 interacts with the Cterminal domain of nsP3, is present in replication complexes during virus amplification and may play a role in regulating virus RNA synthesis in neuronal cells.
INTRODUCTION
Sindbis virus (SINV) is the prototype of the genus Alphavirus, family Togaviridae, and has a positive-strand RNA genome. In humans, alphaviruses can cause encephalitis, and SINV causes arthritis and a rash (Calisher, 1994; Griffin, 2007; Laine et al., 2004) . In mice, SINV causes encephalomyelitis, and neurons are the main target cells for infection in the central nervous system. SINV nonstructural proteins (nsPs) are translated as polyproteins (P123 and P1234) from the 59 two-thirds of the genome and are cleaved in a regulated fashion into four individual nsPs (nsP1-4) (de Groot et al., 1990) . Within replication complexes, the polyproteins and individual nsPs have different functions in genomic and subgenomic plus-and minus-strand synthesis (Lemm et al., 1994 (Lemm et al., , 1998 Shirako & Strauss, 1994) . nsP1 plays a role in capping virus RNAs (Mi et al., 1989; Scheidel et al., 1987) , nsP2 is a multifunctional protein with helicase and 59 triphosphatase activities and is the protease that cleaves the non-structural polyprotein (Gomez de Cedró n et al., 1999; Ding & Schlesinger, 1989; Hardy & Strauss, 1989; Vasiljeva et al., 2000) and nsP4 is the RNA-dependent RNA polymerase and terminal adenyltransferase (Kamer & Argos, 1984; Tomar et al., 2006) .
The function of nsP3 is least understood. The protein has a conserved N-terminal macro domain, an intermediate linker domain and a variable highly phosphorylated Cterminal domain. nsP3 associates with cellular membranes (Peranen & Kaariainen, 1991) and plays a role in regulating RNA synthesis (De et al., 1996; LaStarza et al., 1994b; Wang et al., 1994) , but its exact function is unknown. nsP3 interacts with a variety of cellular proteins that are likely to play essential roles in the formation or function of virus replication complexes (Cristea et al., 2006; Despres et al., 1995; Frolova et al., 2006; Gorchakov et al., 2008) , and a primary function for nsP3 may be to recruit the required cellular proteins to sites of SINV replication. However, the role of the different domains of nsP3 and their posttranslational modifications in recruitment of cellular proteins are unknown.
The C-terminal domain of nsP3 is highly variable, both in sequence and length, among alphaviruses and is heavily phosphorylated at serine/threonine (Li et al., 1990; Peranen et al., 1988; Vihinen & Saarinen, 2000) . This domain is not essential for SINV replication, but plays a host-celldependent role in SINV minus-strand RNA synthesis (De et al., 2003; LaStarza et al., 1994a) . Phosphorylation of this domain is mediated by unidentified host-cell kinases (Li et al., 1990; Peranen, 1991) . Complete elimination of the phosphorylation sites from Semliki Forest virus nsP3 decreases the rate of RNA synthesis and attenuates the neurovirulence of this virus for mice (Vihinen et al., 2001) . Otherwise, the function of this domain and the role of phosphorylation in regulating this function are unclear.
Unlike the C terminus, the N-terminal 150 aa of nsP3 are well conserved among alphaviruses and this region was first recognized as a domain of unknown function (X domain) (Gorbalenya et al., 1991; Koonin et al., 1992) . The X domain was based on homology to the non-histone region of histone macroH2A, later identified as a macro domain (Pehrson & Fried, 1992) . Macro domains are ancient and widely distributed throughout all eukaryotic organisms, bacteria and archaea (Pehrson & Fuji, 1998) . Macro domains are also found in nsPs of some positive-strand RNA viruses including alphaviruses, coronaviruses, hepatitis E virus and rubella virus (Gorbalenya et al., 1991; Koonin et al., 1992; Liang et al., 2000) . Many macro domains can bind various forms of ADP-ribose (Comstock & Denu, 2007; Egloff et al., 2006; Karras et al., 2005; Kustatscher et al., 2005) . The alphavirus macro domain efficiently binds poly(ADP-ribose) (PAR), which is synthesized by PAR polymerases (PARPs) (Neuvonen & Ahola, 2009; Park & Griffin, 2009 ). PARP-1, the founding member of the PARP protein family, can attach 50-200 units of ADP-ribose to target proteins, including itself, upon activation of its enzymic activity.
As PARP-1 associates with macroH2A, the protein with the best-studied macro domain (Nusinow et al., 2007) , the macro domain of nsP3 binds PAR (Neuvonen & Ahola, 2009; Park & Griffin, 2009 ) and PARP-1 is activated by SINV infection (Nargi-Aizenman et al., 2002; Ubol et al., 1996) , we explored the possibility that PARP-1 is one of the cellular proteins that interacts with nsP3 in SINV-infected neuronal cells.
METHODS
Cell culture. The murine neuronal NSC34 cell line was derived by fusion of mouse N18TB2 neuroblastoma cells with mouse motor neurons and was a gift from Neil Cashman (University of British Columbia, USA) (Cashman et al., 1992; Durham et al., 1993) . NSC34 cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % heat-inactivated fetal bovine serum (FBS), Lglutamine (2 mM), penicillin (100 U ml 21 ) and streptomycin (100 mg ml 21 ) (all from Gibco-BRL) at 37 uC in a 5% CO 2 incubator. Baby hamster kidney 21 (BHK21) and 293T cells were grown in DMEM/10 % FBS supplemented as above. BHK21 cells were used to grow virus stocks and to quantify virus by plaque assay. 293T cells were used for transfection experiments.
Virus infection and 1,5-dihydroxyisoquinoline (DHIQ) treatment. The TE recombinant strain of SINV (Lustig et al., 1988) was used. Virus was diluted in DMEM/1 % FBS and cells were infected at an m.o.i. of 10 for 1 h at 37 uC. Cells were then washed three times with medium and the medium was replaced. To inhibit PARP enzymic activity, a competitive inhibitor, DHIQ (300 mM; Sigma) (Southan & Szabo, 2003) , was added to the medium after infection.
Plasmids and transfection. pcDNA3.1 SINV nsP3 was generated by PCR amplification of full-length SINV nsP3 (aa 1-549) from the TE plasmid, followed by insertion into pcDNA3.1 using a pcDNA 3.1 Directional TOPO Expression kit (Invitrogen). Haemagglutinin (HA)-tagged individual nsP3 domains were generated by PCR amplification of the macro domain (aa 2-152), middle region (aa 152-307) and C terminus (aa 307-549) from the TE plasmid, followed by insertion into pCMV-HA (Clontech). pRC3.1 human PARP was a gift from Valina Dawson (Johns Hopkins University School of Medicine, USA). 293T cells at 90 % confluency were transfected with plasmids using Lipofectamine 2000 (Invitrogen). Two days after transfection, 293T cells were lysed and used for immunoprecipitation.
Immunoprecipitation and immunoblot analysis. Cells were lysed using radioimmune precipitation assay (RIPA) buffer [10 mM Tris/ HCl (pH 7.5), 1 % NP-40, 0.1 % SDS, 0.1 % sodium deoxycholate, 150 mM NaCl, 1 mM EDTA] containing a protease inhibitor cocktail (Sigma) and Halt phosphatase inhibitor cocktail (Pierce). Cell lysates were centrifuged at 16 000 g for 30 min to remove cell debris and then used for immunoprecipitation or immunoblotting. For immunoprecipitation, 200 mg cell lysate protein was incubated with antibody to nsP3 (10 mg, polyclonal rabbit antibody raised against aa 212-230 of nsP3; Quality Controlled Biochemicals) or antibody to PARP-1 (diluted 1 : 100; Cell Signalling) in PBS/0.5 % Triton X-100 (NSC34 cell lysates) or RIPA buffer (293T cell lysates) overnight with gentle rocking at 4 uC. ImmunoPure Immobilized Protein G (10 ml settled gel; Pierce) was added to the mixture of cell lysate and antibody, followed by overnight incubation with gentle rocking at 4 uC. To immunoprecipitate HA-tagged proteins, anti-HA agarose conjugate (20 ml settled gel; Sigma) was incubated with cell lysates in RIPA buffer overnight at 4 uC. The gel was washed three times with RIPA buffer and bound proteins were eluted by heating to 90 uC with 26 SDS sample buffer for 5 min. Eluted proteins were analysed by PAGE and immunoblotting. Antibodies used for immunoblotting were against actin (Chemicon), apoptosis-inducing factor (AIF; Santa Cruz), PARP-1 (Alexis and Cell Signalling), PAR (BD Biosciences), nsP1 (Hardy & Strauss, 1989) , nsP2 (polyclonal rabbit antibody raised against aa 113-130 of nsP2; Quality Controlled Biochemicals) and nsP3.
RNA co-immunoprecipitation and RNA detection. Cells were lysed using lysis buffer [10 mM Tris/HCl (pH 7.4), 140 mM NaCl, 1 % NP-40, 0.4 % sodium deoxycholate] and immunoprecipitation was performed in lysis buffer as described above using antibodies to PARP-1 and enhanced green fluorescent protein (EGFP) as a control. RNA was eluted from the immunoprecipitate by boiling the gel in 300 ml elution buffer [10 mM Tris (pH 7.4), 2 mM EDTA, 0.5 % SDS] for 5 min, and eluted RNAs were purified using an RNeasy kit (Qiagen). To quantify virus plus-and minus-strand RNA, each cDNA was synthesized from RNA using a Transcriptor First Strand cDNA Synthesis kit (Roche Applied Science) with a SINV-specific primer (SINV8456F, 59-CACGGCAATGTGTTTGCT-39, for the cDNA synthesis of minus-strand RNA; SINV9899R, 59-AGCATTGGC-CGACCTAACGCAGCAC-39, for the cDNA synthesis of plus-strand RNA). Real-time PCR was performed with the synthesized cDNA, primers SVE2F (59-TGGGACGAAGCGGACGATAA-39) and SVE2R (59-CTGCTCCGCTTTGGTCGTAT-39) and the Taqman probe 59-FAM-CGCATACAGACTTCCGCCCAGT-TAMRA-39 (Applied Biosystems) using a TaqMan PCR Core Reagent kit (Applied Biosystems). Real-time PCR was run and analysed with a 7500 Real-time PCR System (Applied Biosystems).
RESULTS

PARP-1 is present in SINV replication complexes
Upon activation, PARP-1 is automodified with PAR. As nsP3 contains a macro domain that can bind PAR in vitro (Egloff et al., 2006; Karras et al., 2005; Park & Griffin, 2009) , we explored the possibility that nsP3 interacts with activated PARP-1. Co-immunoprecipitation assays were performed using SINV-infected NSC34 cell lysates collected at different times after infection. Antibody to PARP-1 co-immunoprecipitated nsP3, nsP2 and nsP1, as well as a protein with the migration characteristics of P23, at 10 h post-infection (p.i.) (Fig. 1a) . In reciprocal immunoprecipitation reactions, antibody to nsP3 coimmunoprecipitated PARP-1 as well as nsP2, but not AIF (Fig. 1b) . nsP3 was not visualized at 10 h in this panel because of interference by the antibody heavy chain band when the immunoprecipitation was carried out with the nsP3 antibody. To examine more closely the transient interaction between PARP-1 and nsP3, coimmunoprecipitation was performed at more frequent intervals in the first 24 h after infection (Fig. 1c) . PARP-1 was most abundant in the immunoprecipitated protein complex at 10 and 14 h, and had declined by 18 h after infection.
To determine whether the nsP3-PARP-1 complex contained virus RNA, co-immunoprecipitation assays from SINV-infected NSC34 cell lysates collected at 10 h after infection were probed for plus-and minus-strand RNA. Antibody to PARP-1 co-immunoprecipitated both plusand minus-strand virus RNAs, whilst no RNA was detected in the absence of antibody or with control (EGFP) antibody (data not shown). These studies indicated that PARP-1 was present in the virus replication complexes.
PARP enzymic activity is not required for the interaction between PARP-1 and nsPs or for SINV replication
We hypothesized that the nsP3 macro domain binds automodified PARP-1 through PAR; therefore, we examined the activation of PARP and the synthesis of PAR after SINV infection (Fig. 2) . PAR was detectable at 24 h after infection and reached a peak at 48 h (Fig. 2a) . However, the interaction between PARP-1 and nsPs was stronger before the detection of PAR (Fig. 1) , suggesting that PAR may not be important for the interaction. Therefore, we tested the effect of inhibition of PARP enzymic activity with DHIQ, a competitive inhibitor of PARP (Southan & Szabo, 2003) . DHIQ completely inhibited PAR synthesis at 300 mM (Fig. 2b) , but had no effect on co-immunoprecipitation of nsP3 and nsP2 with PARP-1 (Fig. 2c) , indicating that the interaction is not mediated by PAR binding to the macro domain.
We also explored the possibility that PARP-1 enzymic activity is required for SINV replication, as PARP-1 exists in virus replication complexes and could function through PARylation of other proteins. SINV-infected NSC34 cells were treated with DHIQ or mock-treated, and virus replication was compared. Inhibition of PAR synthesis did not affect SINV replication (Fig. 2d) .
Other SINV proteins are not required for the interaction between PARP-1 and nsP3
To determine whether nsP3 required other SINV proteins to interact with PARP-1, 293T cells were singly or doubly transfected with plasmids expressing PARP-1 and nsP3, and immunoprecipitation was performed using antibody to PARP-1 (Fig. 3a) . Expressed PARP-1 interacted with expressed nsP3, indicating that nsP3 does not require other SINV proteins to bind PARP-1. The nsP3 C terminus mediates the interaction with PARP-1 independent of phosphorylation To determine which domain of nsP3 is important for the interaction between nsP3 and PARP-1, we generated plasmids expressing HA-tagged versions of the macro domain, the middle (linker) region and the C terminus of nsP3 (Fig. 3b) . 293T cells were doubly transfected with plasmids expressing PARP-1 and the individual nsP3 domains (macro, middle and C-terminal). Immunoprecipitation was performed using antibody to HA (Fig. 3c) . PARP-1 interacted strongly with the Cterminal domain of nsP3 but did not react with the macro domain.
As the nsP3 C terminus can be phosphorylated, we investigated whether phosphorylation modulated the interaction with PARP-1. Cell lysates from 293T cells doubly transfected with PARP-1 and HA-tagged nsP3 C terminus were treated with calf intestinal alkaline phosphatase (CIP) or mock-treated, and immunoprecipitated with antibody to HA (Fig. 3d) . Treatment with CIP dephosphorylated the nsP3 C terminus, as evidenced by the disappearance of the upper band, but did not affect the established interaction with PARP-1, suggesting that the interaction is not dependent on nsP3 phosphorylation.
DISCUSSION
In this study, we showed that nsP3 binds and recruits PARP-1 to replication complexes containing SINV RNA early during infection. Although the nsP3 macro domain can bind PAR (Park & Griffin, 2009) and PARP is activated by SINV infection, the interaction between PARP-1 and SINV nsP3 was not mediated by PAR. nsP3 interacted with PARP-1 prior to PARP activation, and inhibition of PAR synthesis with DHIQ had no effect on the interaction or on SINV replication. Rather, binding of PARP-1 to nsP3 was through the C-terminal domain of nsP3 and this interaction was not dependent on phosphorylation. Therefore, PARP-1 is recruited to SINV replication complexes by interaction with the C-terminal domain of nsP3 during the phase of rapid virus replication.
A primary function for nsP3 is postulated to be its ability to recruit cellular proteins -presumed to be important for RNA synthesis -to SINV replication complexes. In support of this idea, mass spectroscopy analyses of immunoprecipitated proteins from SINV-infected Rat-1 and BHK cells have identified time-dependent nsP3-associated recruitment of a variety of cellular proteins (Cristea et al., 2006; Frolova et al., 2006) . These host proteins include Ras GTPase-activating protein SH3 domain-binding proteins (G3BP1 and G3BP2), 14-3-3 and heterogeneous nuclear ribonucleoproteins. We used a candidate protein approach to search for nsP3 binding partners in neuronal cells and identified PARP-1 as an additional nsP3-interacting cellular protein recruited to SINV replication complexes.
The domains of nsP3 that interact with specific host-cell proteins have not been identified previously. Both the Nterminal macro domain and the C-terminal phosphorylated domain are candidates for mediating interactions with cellular proteins. We have shown that it is the Cterminal domain that interacts with PARP-1. It has been suggested previously that this region optimizes replication in different host cells by interacting with host-specific factors (LaStarza et al., 1994a) . Although phosphorylation is increasingly recognized to be important for regulation of plus-strand RNA virus replication (Jakubiec & Jupin, 2007) and elimination of all nsP3 phosphorylation sites affects SFV neurovirulence (Vihinen et al., 2001 ), phosphorylation was not necessary for nsP3 interaction with PARP-1.
PARP-1 is transiently recruited to virus replication complexes during active virus replication in neuronal cells, but its function in these complexes is not known. PARP-1 is usually found in the nucleus and plays an important role in many physiological and pathophysiological cellular processes, including DNA repair, regulation of transcription and induction of cell death (Amé et al., 2004; Andrabi et al., 2008; Kim et al., 2005; Kraus & Lis, 2003) . It functions both through modification of target proteins with PAR (PARylation) (Hassa & Hottiger, 2002; Kraus & Lis, 2003) and by direct protein interaction, independent of its enzymic activity (Cervellera & Sala, 2000; Haince et al., 2006; Hassa et al., 2001 Hassa et al., , 2005 Pavri et al., 2005) . For instance, cellular RNA transcription is regulated both by modifying transcription factors with PAR (Schreiber et al., 2006) and through PAR-independent mechanisms involving protein-protein interactions (Cervellera & Sala, 2000; Haince et al., 2006; Hassa et al., 2001 Hassa et al., , 2005 Pavri et al., 2005; Schreiber et al., 2006) . Inhibition of PAR synthesis did not affect SINV replication or the recruitment of PARP-1, indicating that the function of PARP in SINV replication complexes is probably independent of its enzymic activity and is most likely to be dependent on protein interaction. Both the DNA-binding and automodification domains can mediate interaction with other cellular proteins (Griesenbeck et al., 1999; Li et al., 2006; Masutani & Miwa, 2002; Meder et al., 2005; Monaco et al., 2005; Simbulan-Rosenthal et al., 2003) .
As other cellular proteins are recruited to SINV replication complexes (Cristea et al., 2006; Despres et al., 1995; Frolova et al., 2006; Gorchakov et al., 2008) , PARP-1 might interact with these proteins and activate or inhibit them to promote SINV replication. It is also possible that PARP-1 is involved in stabilizing SINV replication complexes. SINV is able to replicate in fibroblasts from mice lacking PARP-1 (NargiAizenman et al., 2002), so PARP-1 is not required for replication.
PARP activation was previously observed after SINV infection of fibroblasts and N18 neuroblastoma cells (Nargi-Aizenman et al., 2002; Ubol et al., 1996) . In the current study, PAR synthesis was also observed after SINV infection of NSC34 neuronal cells, although this occurred after peak interaction with nsP3. Classically, PARP-1 activation is induced by DNA damage as a result of oxidative stress, excitotoxicity or inflammation (Bryant & Helleday, 2004) , but SINV-induced activation of PARP occurs prior to the DNA damage associated with apoptosis (NargiAizenman et al., 2002) . A number of alternative pathways for PARP-1 activation have been described. PARP-1 can be activated by binding to stem-loop DNA structures (Kun et al., 2002) , by phosphorylation (Ju et al., 2004; Walker et al., 2006) , by interaction with other proteins (Cohen-Armon et al., 2007; Griesenbeck et al., 1999; Kun et al., 2004) and by membrane depolarization followed by an increase in intracellular Ca 2+ (Homburg et al., 2000; Meli et al., 2005; Visochek et al., 2005) . Membrane depolarization occurs in alphavirus-infected cells (Nargi-Aizenman & Griffin, 2001) and could potentially induce PARP activation.
In conclusion, this study has shown that PARP-1 is recruited to virus replication complexes by nsP3 and that this interaction is independent of PARP's enzymic activity and is mediated primarily by the C-terminal domain of nsP3, independent of its phosphorylation status.
